AbsTrACT background Warfarin is associated with poor outcomes after trauma, an effect correlated with elevations in the international normalized ratio (INR). In contrast, the novel oral anticoagulants (NOAs) have no validated laboratory measure to quantify coagulopathy. We sought to determine if use of NOAs was associated with elevated activated partial thromboplastin time (aPTT) or INR levels among trauma patients or increased clotting times on thromboelastography (TEG). Methods This was a post-hoc analysis of a prospective observational study across 16 trauma centers. Patients on dabigatran, rivaroxaban, or apixaban were included. Laboratory data were collected at admission and after reversal. Admission labs were compared between medication groups. Traditional measures of coagulopathy were compared with TEG results using Spearman's rank coefficient for correlation. Labs before and after reversal were also analyzed between medication groups. results 182 patients were enrolled between June 2013 and July 2015: 50 on dabigatran, 123 on rivaroxaban, and 34 apixaban. INR values were mildly elevated among patients on dabigatran (median 1.3, IQR 1.1-1.4) and rivaroxaban (median 1.3, IQR 1.1-1.6) compared with apixaban (median 1.1, IQR 1.0-1.2). Patients on dabigatran had slightly higher than normal aPTT values (median 35,3), whereas those on rivaroxaban and apixaban did not. Fifty patients had TEG results. The median values for R, alpha, MA and lysis were normal for all groups. Prothrombin time (PT) and aPTT had a high correlation in all groups (dabigatran p=0.0005, rivaroxaban p<0.0001, and apixaban p<0.0001). aPTT correlated with the R value on TEG in patients on dabigatran (p=0.0094) and rivaroxaban (p=0.0028) but not apixaban (p=0.2532). Reversal occurred in 14%, 25%, and 18% of dabigatran, rivaroxaban, and apixaban patients, respectively. Both traditional measures of coagulopathy and TEG remained within normal limits after reversal. Discussion Neither traditional measures of coagulation nor TEG were able to detect coagulopathy in patients on NOAs. Level of evidence Level IV.
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bACkgrounD
Anticoagulants used for treatment of arrhythmias and other chronic thrombophilic conditions present a particular challenge to those managing trauma patients at high risk of hemorrhage. The number of patients on anticoagulants presenting to trauma centers is steadily increasing. [1] [2] [3] [4] When compared with warfarin, novel oral anticoagulants (NOAs) such as dabigatran, rivaroxaban, and apixaban have the benefit of easier dosing, 5 6 lower risk of adverse bleeding events, 7 8 and clinical management guidelines which favor their utilization. 9 10 As such, NOAs are likely to be seen with increasing frequency in trauma patients. However, the lack of readily available and reliable tests to evaluate the presence and level of anticoagulation in patients on NOAs leaves the trauma surgeon with little patient-specific data on which to base management decisions. [11] [12] [13] Although there have been a number of suggested methods for quantifying the level of anticoagulation associated with NOAs, such as ecarin clotting time (ECT), dilute thrombin time (dTT), and anti-Xa inhibitor monitoring, these tests are not widely available nor used and, at this time, are of limited clinical utility.
14 There is some suggestion that NOAs increase activated partial thromboplastin time (aPTT) levels, and that although not quantitative this could be used as a qualitative measure of coagulopathy. 15 16 There have also been studies that recommend thromboelastography (TEG) as a reliable method of detecting NOA-associated coagulopathy. 17 18 However, most studies have been performed in healthy uninjured volunteers and data that exist on the utility of TEG in trauma patients are limited. 11 19-21 This study sought to determine if dabigatran, rivaroxaban, and apixaban were associated with abnormal values on conventional coagulation assays (CCAs) or TEG using a multicenter, prospectively gathered database.
MeThoDs
Data used for this study were collected during a prospective observational study occurring between June 30, 2013 and July 1, 2015 across 16 level 1 trauma centers via the American Association for the Surgery of Trauma-Multi-institutional Trials Committee (AAST-MITC). 22 This is a post-hoc analysis of patients admitted on dabigatran, rivaroxaban, or apixaban. Minors (age <18), patients who were pregnant, and prisoners were excluded. Demographics, admission vital signs, mechanism of injury, laboratory values, transfusions, and reversal attempts were collected. Attempts at reversal of coagulopathy included administration of vitamin K, prothrombin complex (PCC), hemodialysis, and transfusion of fresh frozen plasma (FFP), cryoprecipitate or platelets. Laboratory values at admission were compared between medication groups. Repeat laboratory values when present after attempts at reversal were also analyzed. STATA/MP V.14.1 was used to perform the analysis. Continuous variables were reported using mean and SD if normally distributed, and median and IQR if not normally distributed. Univariate analysis used the Pearson's χ 2 for categorical variables. Continuous variables were tested using the non-parametric Kruskal-Wallis test; those that followed a normal distribution were analyzed using one-way analysis of variance (ANOVA). Post-hoc comparisons were performed using the Wilcoxon rank-sum test when the Kruskal-Wallis test was significant, and independent-samples t-test with Bonferroni correction for significant ANOVA results. CCAs (aPTT and prothrombin time (PT)/international normalized ratio (INR)) were compared with TEG results using Spearman's rank coefficient to determine if any correlation existed. All variables were checked for missing data and any significant values were reported in the Results section.
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resuLTs
One hundred and eighty-two patients on NOAs were identified in the database: 50 on dabigatran, 123 on rivaroxaban, and 34 apixaban. Patients were primarily older, non-Hispanic white, and admitted after a fall. Demographics were not significantly different between the medication groups. Very few patients had a documented history of comorbid conditions associated with coagulopathy, such as renal failure (one patient) or cirrhosis (three patients), and their incidence was similar between medication groups (table 1) .
Admission INR values were mildly elevated among patients on dabigatran (median 1.3, IQR 1.1-1.4) and rivaroxaban (median 1.3, IQR 1.1-1.6) compared with apixaban (median 1.1, IQR 1.0-1.2). Patients on dabigatran presented with slightly higher than normal aPTT values (median 35, IQR 29.8-46.3), whereas those on rivaroxaban and apixaban did not. Fifty patients had admission TEG results. The median values for R, alpha, and maximum amplitude (MA) were within normal limits and did not differ significantly between groups (table 2) . No patients in the study had significant lysis at admission TEG.
Admission PT and aPTT had a moderate degree of correlation in all medication groups (dabigatran r=0.5281, p=0.0005; rivaroxaban r=0.5365, p<0.0001; apixaban r=0.5634, p<0.0001) (figure 1). PT correlated moderately with the R value on TEG only among patients on rivaroxaban (r=0.5161, p=0.0059) (figure 2). aPTT correlated with the R value on TEG strongly in patients on dabigatran (r=0.6652, p=0.0094) and moderately in patients on rivaroxaban (r=0.5627, p=0.0028) but did not correlate for patients on apixaban (r=0.5000, p=0.2532) (figure 3).
Attempts at reversal occurred in 19% of patients overall, 7 dabigatran, 31 rivaroxaban, and 6 apixaban patients. The percentage of patients reversed did not differ significantly between medications groups (table 1). Postreversal CCAs were present in the majority of patients; 6 of 7 dabigatran, 27 of 31 rivaroxaban, and 4 of 6 apixaban (table 3 dabigatran patients (p=0.0096), and the postreversal dabigatran aPTT value remained significantly higher than rivaroxaban and apixaban patients (p=0.0014). However, all median CCA values remained within normal limits in all medication groups (table 3) .
Very few patients had postreversal TEG values recorded: 3 of 7 dabigatran, 11 of 31 rivaroxaban, and 2 of 6 apixaban patients. The mean time to repeat TEG was 10 (SD ±14) hours. All postreversal TEG measures were within normal limits and were not significantly different between medication groups (table 3) . Because of the paucity of patients with postreversal TEG values, no correlation between postreversal TEG and CCA values was performed.
DisCussion
NOAs are considered to have a reliable dose-response relationship, and routine testing of serum concentrations is not currently recommended. 6 9 23 However, using liquid chromatography-tandem mass spectrometry 24 and validated indirect tests such as calibrated anti-Xa assays, multiple studies have reported that NOA levels can vary up to 7 to 20 times between peak and trough measurements depending on the agent. 25 26 In the case of dabigatran, further data showed that higher drug concentrations were associated with a higher risk of major bleeding events. 27 Additionally, NOA levels vary with age, gender, and creatinine clearance. 26 27 It has also been shown that NOAs interact with medications commonly used in the atrial fibrillation/hypercoagulable patient population, including atorvastatin and diltiazem. 28 Given this potential variability, it is critically important to be able to detect and quantify the level of NOA-associated coagulopathy to guide clinical decision making after injury and evaluate the efficacy of reversal attempts.
Studies have shown that there are effective tests to measure NOAs, including thrombin time, dTT, and ecarin-based tests (ECT and ecarin chromogenic assay (ECA)), to detect dabigatran levels, and agent-specific anti-Xa activity assays for rivaroxaban and apixaban. 12 17 25 Although anti-Xa activity assays are being used more commonly, they are not universally available, particularly with specific agent calibration. These studies often need to be sent out to specialty labs, and cost and turnaround time can reduce their clinical utility greatly. As such, many studies including ours have looked at the feasibility of using more easily and rapidly obtained laboratory measures (CCAs and TEG) to estimate the anticoagulant effects of NOAs.
Multiple studies, primarily in healthy volunteers, have demonstrated modest elevations in aPTT with dabigatran, but the relationship is non-linear at higher concentrations and very modest. 12 13 25 PT/INR are also mildly elevated for patients on dabigatran, but these tests are less sensitive than aPTT. In contrast, aPTT is only sometimes elevated in the presence of rivaroxaban, and the relationship is non-linear across all concentrations. Rivaroxaban has also been found to prolong PT, but less so than dabigatran and with a wider range of responses. Neither PT/INR nor aPTT is elevated with apixaban use.
12 13 25 29 This is in line with our findings of significantly higher aPTT values among patients taking dabigatran compared with patients on rivaroxaban and apixaban. The median aPTT for dabigatran was also the only value noted in this study to be above laboratory normal values, although this very modest elevation is unlikely to be clinically relevant (table 1) . When INR values were compared between the three groups, the median INR level in patients taking apixaban was statistically significantly lower than both dabigatran and rivaroxaban (table 1) . However, all median INR values for the three drugs remained within normal limits. In the only other published study addressing NOAs among trauma patients, Ali et al 11 similarly demonstrated increases in aPTT level in patients on dabigatran. The elevations in aPTT were more clinically significant in patients on dabigatran in the Ali et al 11 study, with 100% having levels >36.5 s and a median of 52.7 s, whereas the IQR for patients in the present study on dabigatran was 29.8 to 46.3 s. There are several explanations for the differences between our results. First, the sample size of the published study was severely limited with only 6 dabigatran patients compared with 50 in our study. Additionally, the mean Injury Severity Score (ISS) was higher in the Ali et al 11 study at 18±10 compared with our median ISS of 9 (IQR 4-13) in our dabigatran patients. It is possible that the CCA and TEG results TEG is increasingly used in trauma settings, and recent literature has demonstrated an improved ability of TEG to predict transfusion and bleeding in severely injured trauma patients. 30 There have also been studies that suggest that TEG can reliably detect NOAs, primarily as a prolongation of R time when compared with healthy controls not exposed to drug. 17 18 21 The study by Ali et al 11 did not show significant differences in TEG-identified coagulopathy in patients with preinjury pharmacologic anticoagulation compared with those without the exposure, but their study was limited by a small sample size. In our larger study, we were also not able to detect any significant coagulopathy among NOA patients at admission TEG (table 2) . There are several explanations for the inability of TEG to detect coagulopathy in NOA patients in our study. First, there is a tendency toward hypercoagulability in women, patients with atrial fibrillation, and the elderly, characteristics which were all common in our study group (female 52%, arrhythmia 57%, mean age 77±14). 27 31 32 It is possible that the trend toward hypercoagulability prevented the detection of the anticoagulant effects of the NOAs in our study population. Second, although the R values in the previously referenced studies were elevated compared with controls, the averages were not consistently outside of normal range. 18 It is possible that the presenting R time in our patients is elevated over their native R time but not Based on prior studies demonstrating strong correlation between CCAs and TEG 30 among injured patients with traumatic coagulopathy, we sought to determine if there was any correlation between PT or aPTT and R value on TEG as this was the most commonly elevated TEG value in NOA studies. 17 18 21 We found a consistent degree of correlation between the two CCAs (PT and aPTT) through all medication groups (figure 1). However there was no consistent correlation between CCAs and R time on TEG (figures 2 and 3). The strongest correlation was found between aPTT and R time in patients on dabigatran (figure 3), which is expected based on prior studies suggesting that elevations in aPTT and prolongation or R time are most pronounced and reliable among patients on dabigatran. 12 13 17 18 21 25 It is possible that we were unable to detect a strong consistent correlation due to the overall small sample size, particularly for apixaban. It is also possible that the lack of clinically significant coagulopathy in any group precluded the identification of meaningful correlations.
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There is some controversy on how to reverse patients on NOAs, and there is varying evidence for factor replacement via PCC, FFP, or specific recombinant factors as confirmation for their clinical utility is inconsistent and sparse. 14 20 In this study, 19% of patients underwent an attempt at reversal, the majority had repeat CCAs, and a minority had repeat TEG values recorded (table 3) . Similar to admission results, the postreversal measures of coagulation remained within normal limits. Due to the very small sample size and heterogeneity in reporting postreversal lab values between medication groups, we did not perform a statistical comparison between prereversal and postreversal lab values. However, there did not appear to be any clinically significant difference between the median values for INR, aPTT, R, alpha, or MA at admission compared with those after reversal. This is in contrast to a study in healthy volunteers which demonstrated an elevation in PT with administration of rivaroxaban and reversal of the elevation with administration of PCC. 20 It is possible that attempts at reversal are achieving reductions in measures of both CCA and TEG values, but due to the very low sample size in this study and the heterogeneity of reversal strategies between centers we were unable to detect it. This study has several limitations. First, and most importantly, we are limited by the relatively low sample size and are underpowered to detect very small elevations in measures of coagulation. However, it is unlikely that such subtle increases in coagulation parameters would be of great clinical significance. Second, it is a post-hoc analysis, and so any conclusions must be drawn cautiously. This data set also lacks controls of similar elderly patients not on anticoagulants and does not have baseline values of coagulation among the study population when off NOAs. Lastly, due to the infrequency of reversal and heterogeneity of reversal strategies in this study, it is not possible to determine if the current studies (CCA and TEG) could be used to gauge the impact of reversal in patients on NOAs.
In conclusion, among this group of trauma patients on NOAs seen at 16 level 1 trauma centers, neither CCAs nor TEG was able to detect clinically significant coagulopathy at admission, nor were they able to detect a significant impact of reversal attempts. There was also no reliable correlation between CCA and TEG values. With the lack of reliability of the more readily available coagulation assays, current decisions on reversing trauma patients on NOAs must be made based solely on the history of drug administration. Better qualitative and quantitative tests of coagulation such as ECA, ECT, and calibrated drug-specific anti-Xa levels should be strongly considered in the workup of trauma patients on NOAs and used to guide reversal attempts. Future studies should focus on correlating ECA/ECT and calibrated anti-Xa levels values with clinical outcomes and efficacy of reversal agents and protocols.
